The steady-state behaviour of isolated mammalian cytochrome c oxidase was examined by increasing the rate of reduction of cytochrome c. Under these conditions the enzyme's 605 (haem a), 655 (haem a 3 /Cu B ) and 830 (Cu A ) nm spectral features behaved as if they were at near equilibrium with cytochrome c (550 nm). This has implications for non-invasive tissue measurements using visible (550, 605 and 655 nm) and near-IR (830 nm) light. The oxidized species represented by the 655 nm band is bleached by the presence of oxygen intermediates P and F (where P is characterized by an absorbance spectrum at 607 nm relative to the oxidized enzyme and F is characterized by an absorbance spectrum at 580 nm relative to the oxidized enzyme) or by reduction of haem a 3 or Cu B . However, at these ambient oxygen levels (far above the enzyme K m ), the populations of reduced haem a 3 and the oxygen intermediates were very low (<10 %). We therefore interpret 655 nm changes as reduction of the otherwise spectrally invisible Cu B centre. We present a model where small anti-cooperative redox interactions occur between haem a-Cu ACu B (steady-state potential ranges: Cu A , 212-258 mV; haem a, 254-281 mV; Cu B , 227-272 mV). Contrary to static equilibrium measurements, in the catalytic steady state there are no high potential redox centres (>300 mV). We find that the overall reaction is correctly described by the classical model in which the Michaelis intermediate is a ferrocytochrome c-enzyme complex. However, the oxidation of ferrocytochrome c in this complex is not the sole rate-determining step. Turnover is instead dependent upon electron transfer from haem a to haem a 3 , but the haem a potential closely matches cytochrome c at all times.
INTRODUCTION
Cytochrome c oxidase (cytochrome aa 3 This can be broken down into three sub-reactions (Scheme 1). Its kinetic mechanism can be treated as a two-substrate process in which the enzyme accumulates electrons from the first substrate and transfers them to the second. Classical kinetic studies determined 'Michaelis' constants for both cytochrome c and oxygen, an inhibitory constant for product ferricytochrome c, and a maximal turnover at high concentrations of oxygen and reduced cytochrome c (c 2+ ). These studies were all consistent with the relatively simple mechanism of the sub-reactions above. Models of this kind, originally devised by Minnaert [1] and others in the early sixties, continue to be used today. Thus we have ourselves successfully used a version of this model to analyse the inhibition of cytochrome c oxidase by NO [2] .
However, it has been known for some time that the detailed mechanism of the enzyme must be more complicated than that of the sub-reactions shown above, if only because the overall reaction (eqn 1) involves four molecules of the reducing substrate for every single oxygen molecule taken up. Partial reactions of the enzyme with only one of the two substrates have therefore also been the subject of numerous more recent studies. Figure  1 summarizes the reaction steps conventionally thought to be involved. Ferrocytochrome c binds to the enzyme, reacting primarily with a site on subunit II [3] . An electron is then transferred reversibly to Cu A [4] , the cuprous (reduced) form of which in turn equilibrates with haem a. Both of these intramolecular redox steps are considerably faster than the overall reaction rate. Entry of a second electron (Figure 1 ) involves either the reduction of the bound (now oxidized) cytochrome c or its dissociation and replacement by a second ferrocytochrome c molecule [5] . The second electron reduces Cu A again transiently and then adds the second reducing equivalent to the haem a/Cu B pair. The fully reduced binuclear centre then reacts with oxygen through a series of intermediates [A (fully reduced enzyme binuclear centre with oxygen bound), P (enzyme oxygen intermediate characterized by an absorbance spectrum at 607 nm relative to the oxidized enzyme) and F (enzyme oxygen intermediate characterized by an absorbance spectrum at 580 nm relative to the oxidized enzyme)], which ultimately return the enzyme to the ferric-cupric state [6] .
The enzyme turns over with cytochrome c at a rate apparently dependent upon the redox state of c, acting as if the limiting rate was c 2+ aa 3 → c 3+ aa 3 − with oxidized cytochrome c acting as a product inhibitor. This results in so-called Smith-Conrad kinetics [1, 7] , where the oxidation of substrate, reduced cytochrome c, Abbreviations used: A, fully reduced enzyme binuclear centre with oxygen bound; [c 2+ ], concentration of reduced cytochrome c; F, enzyme oxygen intermediate characterized by an absorbance spectrum at 580 nm relative to the oxidized enzyme; fast enzyme, fully oxidized (ferric/cupric) enzyme with fast ligand-binding characteristics; NIR, near-IR; P, enzyme oxygen intermediate characterized by an absorbance spectrum at 607 nm relative to the oxidized enzyme; slow enzyme, fully oxidized (ferric/cupric) enzyme with slow ligand-binding characteristics; TMPD, N,N,N ,N ,tetramethyl-pphenylenediamine. 1 To whom correspondence should be addressed (email ccooper@essex.ac.uk).
Figure 1 Model of cytochrome c oxidase activity
Summary mechanism for cytochrome c oxidase activity indicating the possible near-equilibrium steps. Reduced redox centres are shown in bold. The top part of the diagram indicates electron transfer from cytochrome c when the binuclear centre is fully oxidized (O) or is reduced by one electron (E). Following the addition of a second electron into the binuclear centre (R) oxygen can bind and the oxygen reduction chemistry occurs (bottom diagram) regenerating O. Compounds A, P and F are defined solely by their relative redox states in the present study and no attempt is made to comment on the structural details of the intermediates. As illustrated, k r is the rate constant for a step involving the reduction of enzyme-bound cytochrome c. The bottom cycle and the top cycles are not intended to operate independently; cytochrome c association and dissociation, and electron entry to Cu A and haem a are presumably possible in all of the intermediates (E, O, A, P, R and F).
A full description listing all possibilities would be too complex to illustrate usefully [21] .
is strictly exponential (first-order), the rate being directly proportional at all times to the concentration of reduced cytochrome c. The K m for ferrocytochrome c oxidation, the K i for ferricytochrome c inhibition, and the K d for ferrocytochrome c binding to reduced enzyme and ferricytochrome c binding to oxidized enzyme all have similar values [5, 8] . The K m for oxygen [9] is very small (1 μM or lower). Consequently at ambient air oxygen levels in vitro, though maybe not in vivo [10] , the levels of the oxygen-reactive ferrous haem a 3 species are very low [11, 12] . However, the measured partial rates appear inconsistent with the simple overall model of the sub-reactions described above. In particular the very rapid electron-transfer steps from cytochrome c to the other redox centres are difficult to conceptualize in a model where the redox state of cytochrome c solely controls turnover. The purpose of the present study was therefore to marry the steady-state kinetic data with the partial reaction kinetic data. For example can rapid equilibration be assumed between bound c, haem a, Cu A and possibly Cu B in the steady state, as predicted by the partial reaction kinetic data on the individual reaction steps? Is the observed steady-state behaviour at different flux levels (percentage reduction of cytochrome c) consistent with such kinetics and with the steady-state levels of the spectral species observed during turnover? These questions are key when building up systems models of mitochondria and oxygen consumption [13, 14] , especially those that report on the levels of spectroscopically detectable enzyme species [15] .
We have therefore re-examined the behaviour of the isolated (detergent-solubilized) mammalian enzyme, focusing on the spectroscopically detectable oxidase species formed during turnover. In particular we have been concerned with studying the relationship between the steady state of ferrocytochrome c and the haem a and Cu A centres of the oxidase, as well as the population of binuclear centre intermediates under conditions of both fast and slow turnover. We conclude that the overall reaction can indeed be correctly described by the sub-reactions described above, even though the oxidation of ferrocytochrome c in its complex with the enzyme is not the sole rate-determining step for the reaction. We also find that the steady-state populations of other states, including A, P and F, are very low at ambient levels of oxygen provided the systems are kept strictly peroxide-free.
EXPERIMENTAL Enzyme preparation
Beef heart cytochrome c oxidase was purified using the method of Yonetani [16] , except the solubilization buffer contained 0.1 % lauryl maltoside (n-dodecyl β-D-maltoside) instead of 1 % Emasol. Total aa 3 concentration was calculated using 605−630 = 27 000 M −1 · cm −1 for the dithionite-reduced minus oxidized enzyme.
Reagents and solutions
Horse heart cytochrome c was from Sigma (C-7752) and its concentration was calculated using 550−540 = 21 200 M −1 · cm
for the dithionite-reduced minus oxidized enzyme. Other reagents were AnalaR or better. 
Analysis of steady-state data
Redox changes of cytochrome oxidase metal centres and cytochrome c were monitored at the wavelengths shown in Table 1 . Kinetic traces for each centre were converted into fractional reduction using the ascorbate-reduced (anaerobic) minus oxidized absorbance changes for Cu A , the binuclear centre and cytochrome c. For haem a, only 85 % of the ascorbate-reduced minus oxidized value was used as 15 % of the absorbance change at 605-630 nm is due to haem a 3 reduction upon anaerobiosis. Absorbance changes for Cu A , haem a and the binuclear centre were corrected for cytochrome c spectral contributions by first measuring the cytochrome c redox state and then using the experimentally determined molar absorption coefficients shown in Table 1 . Cytochrome c oxidase prepared by the Yonetani [16] method is in the 'resting' state prior to initial reduction; therefore, data acquired before this point were not used in the analysis.
Modelling
Experimental data were fitted to the appropriate interactive equations using the Solver TM function in Microsoft Excel TM [17] . In Figure 7 each data set was fitted to a model involving two component species, one of high and the other low potential; the proportion of the two components being allowed to vary during fitting. Fits were performed using non-linear regression in the software package Kaleidagraph TM . Thus in Figure 7 (and Supplementary Figures S2 and S3) the cytochrome a, Cu A and 655 nm species are treated as separate components and the lines plotted independently of each other. A total of nine parameters were thus used to fit the data. But in Figure 9 the three data sets were fitted jointly according to the model of Figure 8 . For three redox species able to exist in fully oxidized, one-electron reduced, two-electron reduced and fully reduced states, and in which the redox potential of any component can be modified by the redox states of the other two components, there may be up to seven independent potentials (generating the total of 12 equilibria shown in Figure 8 ). The Solver TM function in Microsoft Excel TM was then used to obtain the best fit to the data sets by allowing seven redox potentials to vary.
RESULTS AND DISCUSSION
All of our studies were performed on a Yonetani-type bovine heart cytochrome c oxidase preparation [16] , which has slow electron transfer to the binuclear centre as prepared. In this 'slow enzyme', turning over in the presence of ascorbate and cytochrome c alone, haem a is appreciably more reduced than cytochrome c, whereas the Cu A remains more oxidized (results not shown). This is consistent with previous studies implying a block between haem a and the binuclear centre. Owing to this, and the heterogeneity of the oxidized forms of the enzyme [18] , all of our steady-state studies started from the fully reduced anaerobic enzyme. This form of the enzyme is considered essentially homogeneous with regard to its electron-transfer capabilities. Kinetic steady states were then initiated following the addition of oxygen or H 2 O 2 (in the presence of catalase).
The 'classical' kinetic profiles described by Conrad and Smith [7] have the concentration of the substrate cytochrome c in great excess over that of the enzyme. However, these conditions are not appropriate for the spectroscopic study of the other redox centres in the enzyme. Figure 2 shows the effect of increasing levels of the reductant TMPD on the aerobic steady-state reduction of cytochrome c in the ratio 1.5 cytochrome c per aa 3 . The plot of fractional reduction against [TMPD] is a rectangular hyperbola. In a steady state, the rate of oxygen consumption must be equal to
, where k is the second-order rate constant for cytochrome c reduction by TMPD. A hyperbolic plot of [TMPD] against turnover therefore implies that the overall rate is directly proportional to [c 2+ ]. This was confirmed by directly plotting the cytochrome c redox state against enzyme turnover (Figure 2 , inset). Therefore the enzyme obeys Smith-Conrad kinetics even when cytochrome c is not in great excess.
Is this consistent with the behaviour of the other spectroscopically detectable components in the system (compare with Figure 1 )? Figure 3 shows typical behaviour for both cytochrome c and oxidase obtained in such a steady state. After the initial anaerobiosis, sequential additions of H 2 O 2 were made to restore the aerobic steady state. Increasing [TMPD] levels ( Figure 3A ) gave rise to increases in cytochrome c, haem a and Cu A reduction, as well as shorter anaerobiosis times, whereas varying peroxide (and hence oxygen) only changes anaerobiosis times ( Figure 3B ). Of the two varying substrates, only ferrocytochrome c, and not oxygen, is a controlling factor in these in vitro studies.
Are there additional species present in the steady state? To determine this we first removed the spectral contributions due to known species. Cytochrome c reduction dominates the steadystate spectrum at 550 nm. We can therefore readily remove the cytochrome c contribution from the whole steady-state spectrum by using the 550-540 nm difference to determine the correct proportion to remove. The haem a contribution is more complicated to deconvolute. There is no isolated cytochrome a spectrum available. However, the initial reduction of the slow enzyme in the absence of cytochrome c by ascorbate + TMPD involves only haem a and a small amount of Cu A with almost no change at the binuclear centre. Noting that the contribution from Cu A to the spectra below 700 nm is insignificant, we therefore used this initial reduction spectrum as the contribution from cytochrome a, using the 605-630 nm absorbance to determine the proportions required. Ascorbate (40 mM) was present to keep TMPD fully reduced at all concentrations. The data were fitted to a rectangular hyperbola with V max set to 1.0 (corresponding to maximal reduction of the 10 μM cytochrome c total), and K m fitted to 501 (+ − 15.07) μM with an apparent offset of 0.091 (+ − 0.01), equating to the fractional steady-state level of reduction of cytochrome c in the presence of ascorbate alone. The inset shows the relationship between fractional cytochrome c reduction and cytochrome c oxidase turnover number. Turnover is calculated from the length of time taken to reach anaerobiosis, as determined spectrally by complete reduction of the cytochromes. Table 2 Spectral features of haem a 3 All spectral features are differences relative to the oxidized enzyme. Maxima and minima refer to peaks and troughs respectively in this difference spectrum. Figure 4 shows the results. The original steady-state difference spectrum is seen in Figure 4 (A). After subtraction of the cytochrome c-reduced minus-oxidized spectrum we obtained the set in Figure 4 (B). After further subtraction of haem a, we obtain the set in Figure 4 (C). The resulting spectra can then be examined for haem-dependent components other than ferric and ferrous haem a. We were particularly interested in species P and F (see Figure  1 ), which can be formed during the reactions of fully or partially reduced enzyme with oxygen or peroxide. However, under these turnover conditions (approx. 50 % of maximal turnover) we see no spectral evidence for a significant population of the P (607 nm) and F (580 nm) intermediates. However, the steady state does involve a component generated during turnover with a broad band centred at approx. the 598 nm region and a differential Soret peak-trough (433-414 nm difference) indicating a 'high' to 'low' spin type of transition relative to the slow enzyme. It is clearly different from known low-spin species such as the enzyme-cyanide complex [19, 20] , although it has some features in common with 'fast' forms of the oxidized enzyme (Table 2) [18].
Using these subtraction techniques, we were never able to detect species we could reliably assign to P or F following oxygeninitiated steady states. Nevertheless there are published kinetic models [21] implying a significant population of these species during steady-state turnover, and their spectral features are not necessarily easy to distinguish from those of haem a and a 3 ; this is most notable for the 607 nm 'P' species and the 605 nm reduced haem a species, especially given that the latter peak position can change under some conditions [22] . Therefore we performed two other experiments to determine whether we were missing significant fractions of these oxygen intermediates during turnover.
First we showed that we could indeed detect low levels of P and F intermediates in our experiments if we created artificial conditions that favoured their formation. Figure 5 shows that some compound P and F forms can be observed immediately after peroxide addition in the presence of lower levels of catalase. Ferric oxidase competes for peroxide at low catalase levels and therefore these higher oxidation state forms can be seen immediately after peroxide addition. But they are not stable steady-state forms. They both disappear as the steady-state turnover continues, species P persisting for a few seconds and species F for a little longer, until the same steady state as secured by oxygen is restored. The results in Figure 5 gives us confidence that, were P and F to be significantly populated intermediates in the aerobic steady state, we would be able to detect them.
Secondly, we normalized the spectral changes at different levels of turnover to identical values at 605 minus 630 nm (Supplementary Figure S1 at http://www.BiochemJ.org/bj/ 422/bj4220237add.htm). The spectra overlay over a very wide range of enzyme turnovers, and hence haem a reduction, strongly suggesting that variations in the fraction of species P do not contribute to the steady-state spectral changes in this region.
Based on the ideas of Moody [23] and Giuffre and coworkers [21, 24] , it is proposed that at slow turnover there will be equipopulation of the O, E, P and F species (Figure 1 ) because each step is limited by a similar low electron entry rate. This is inconsistent with the findings of the present study. If, however, the electron entry rate is determined by a product of an intrinsic rate constant and the concentration of the quasi-equilibrium redox complex a-Cu A , the steady-state concentrations will be proportional to the reciprocals of the relevant rate constants. When the partial reactions are examined the P → F and F → O rates are reportedly of the order of 10 000 s −1 [25, 26] , whereas the O → E and E → R rates are much lower (approx. 1000 s −1 ) [27, 28] . The maximal levels of P and F will therefore be no more than 10 % those of E and O, and therefore undetectable with the present methodology. Again the measured partial rate constants are consistent with our measured detectable steady-state intermediates. The relative levels of E and O remain uncertain, but as the E state involves almost exclusive reduction of Cu B [29] , and not haem a 3 , its spectral characteristics will be almost identical with those of 'O' and again undetectable in the visible and Soret regions.
A readily detectable spectral species in oxidized cytochrome oxidase is the '655 nm band' [30,30a] . At even longer wavelengths the NIR signature of Cu A can be detected [31, 32] . In order to study spectral features in the 620-950 nm region, we examined the redox changes at higher enzyme levels and over a more extended wavelength range. Figure 6 shows the results. Clear bleaching of the '655 nm band' and a broad NIR 830 nm feature accompany changes in cytochrome c at 550 nm and haem a at 605 nm. In previous studies we were unable to detect significant changes at 830 nm during uninhibited enzyme turnover [32] ; we now attribute this to the lower turnover rates used. As well as Cu A , intermediates P and F [33] and reduced haem a 3 [34] also have small spectral features in this NIR region. Therefore we were keen to assign the spectral features in the NIR to Cu A alone so that we could quantify the redox state changes observed. Although there are no separate spectral data for mammalian Cu A , subunit II samples containing Cu A have been engineered and expressed from several bacterial enzymes. We compared the difference spectra for Thermus thermophilus ba 3 subunit II Cu A with those in our aa 3 steady-state spectra [35] . The magnitudes of the two difference spectra are almost identical and the shape and positions correspond closely when the bacterial subunit II spectrum is redshifted by 34 nm. We are therefore confident that the features we see between 750 and 900 nm in the steady state can be primarily attributed to redox changes in the Cu A centre.
We are now finally in a position to examine the redox behaviour of the visible oxidase components as quantitative functions of the steady-state reduction of cytochrome c. Calculated values for the oxidase redox potentials thus depend upon the potential(s) assigned to cytochrome c. We used a cytochrome c potential of + 260 mV in our calculations [36] . Figure 7 plots the redox status of haem a as a function of that of cytochrome c. The use of high TMPD and peroxide concentrations has meant that, unlike our previous studies [32] , we have been able to follow a much wider range of haem a reduction levels. Under these conditions we now no longer see an anomalous apparent saturation of haem a reduction at relatively low levels of cytochrome c reduction. It is clear, however, that haem a is not behaving as a single Nernstian ('n = 1') species. Interpretation of the redox behaviour requires the postulation of at least two forms, a high potential and a low potential one, titrated over distinct redox ranges. It is less easy to be confident about the shape of the curves for the lower molar absorption coefficient chromophores, owing to noise in the data at low reduction levels. However, given the known multiple mutual redox interactions in the enzyme [37] [38] [39] and the clear redox interactions in haem a (Figure 7) , we feel confident in not forcing n = 1 fits to the other components. Supplementary Figures S2 and S3 (at http://www.BiochemJ.org/bj/422/bj4220237add.htm) shows the results for Cu A and the 655 nm band. Fitting the data over the full redox range also requires at least two species in each case. In the steady state the apparent redox potentials needed to simulate all of the experimental data are listed in Table 3 .
How do our experimental results on the steady-state redox levels increase our understanding of the factors affecting enzyme turnover? Previous studies have focused on kinetic arguments. Rather surprisingly, given the large literature, there has not been a determined attempt to use the known redox interactions in the enzyme to understand the steady-state kinetics. We will now show that such an approach can be very fruitful with regards to the haem a redox state. It has been known since the original redox studies of Minnaert [40] that haem a does not engage in a simple one-electron equilibrium with cytochrome c or with redox-active donor/acceptor systems. Detailed studies were later carried out by Wilson and Dutton [41] for mitochondrial oxidase under various conditions and in the presence and absence of terminal inhibitors. These results were interpreted by Nicholls and Petersen [39] in terms of a haem-haem interaction in which the redox potential of each haem was dependent upon the redox state of the other (i.e. the redox potentials showed an anti-cooperative interaction). However, given the fact that in our aerobic experiments haem a 3 is not significantly reduced, it is unlikely that the haem a-haem a 3 anti-cooperative interaction is relevant to the steady state. However, this is not the only redox interaction in the enzyme. Minnaert [40] showed that haem a had anomalous redox behaviour even in the presence of cyanide where haem a 3 was held in the ferric low-spin CN − ligated state over the whole range of haem a reduction levels [40] . Nicholls and Wrigglesworth [38] therefore later modified the (so-called neoclassical) interaction model to include the binuclear centre copper (Cu B ). Moody and Rich [37] were then able to show that the biphasic anaerobic haem a reduction in the presence of cyanide represented an interaction with both Cu B and Cu A . So it is clear that under equilibrium conditions there is a wide range of redox interactions between haem a, Cu A and Cu B . This now provides an explanation for the behaviour of haem a in the catalytic steady state. The first electron to haem a from Cu A can also be shared with Cu B ; the second electron (giving rise to a system with both haem a and Cu B reduced) is then added at an average potential of approx. 60-80 mV lower than the first one.
We now have an explanation based on quasi-equilibrium conditions between the sequence of electron carriers (c ↔ Cu A ↔ haem a). But how is this consistent with SmithConrad kinetics? That is, how can the turnover remain proportional to the fractional reduction of cytochrome c, the component furthest from the first quasi-irreversible step? This is only possible if the final potential in the equilibrium sequence is close to that of cytochrome c when the system will behave 'as if' the oxidation of the cytochrome c were the rate-determining step. Indeed inspection of Figure 7 shows that in the purified enzyme the cytochrome c and haem a 'steady-state' redox potentials are indeed closely matched. The oxidase under physiologically plausible c/aa 3 enzyme ratios still obeys apparent 'Smith-Conrad' kinetics, but this must now be explained as a consequence of the redox states of haem a and Cu A tracking that of cytochrome c and not due to rate-limiting electron transfer from bound cytochrome c to enzyme.
Therefore an important conclusion from this part of the work is that Smith-Conrad kinetics is not an absolute function of the enzyme system, but a coincidence of redox interactions. Under conditions where the c/a quasi-equilibrium is altered, flux may no longer be a linear function of the ferrocytochrome c concentration. The presence of a protonmotive force between cytochrome c and haem a will alter their relative potentials [42] . Indeed, in coupled mitochondria [43] , flux maps closer to reduced haem a than reduced cytochrome c.
The behaviour of the '655 nm band' in these studies is intriguing, although caution is required given that the exact physical identity of the species causing this spectral feature is unclear [30,30a,44] . The band is present in all forms of the fully oxidized enzyme when haem a 3 is high-spin, e.g. formate-bound. It is lost in the P and F intermediates and in low-spin forms of the enzyme, e.g. cyanide-bound [45] . It is seen in slow preparations of the enzyme where haem a 3 is high-spin. Reduction of Cu B in redox titrations bleaches the band, leading to suggestions that it is present in enzyme species where haem a 3 is high-spin and Cu B is oxidized [30,30a] . However, it is still seen, albeit slightly blue-shifted, in forms of the 'fast enzyme' [18,30,30a] and in our steady-state spectral species where, at least according to the Soret band, the enzyme has undergone a partial high-to-low spin transition from the slow form.
We have clearly shown that changes in levels of P or F intermediates cannot account for the 655 nm bleaching. There Oxidation by air was effected by drawing up a syringe (20 ml) of ambient air, and carefully bubbling the contents into the cuvette. The difference spectrum above each time trace corresponds to the spectrum a few seconds after addition of oxidant (5-10 s) relative to the previous aerobic steady-state spectrum (which was recorded after a cycle of reduction and re-oxidation). No discernible optical features are seen in the initial air-induced spectrum (left-hand panel). In contrast, in the presence of H 2 O 2 and trace catalase (centre), the black spectrum (initial difference) shows clear spectral contributions from 'P' (25 % of total oxidase, 607 nm peak, grey spectrum) and 'F' (30 % of total oxidase, 578 nm peak, black dotted spectrum) (middle panel). These species decay with time resulting in a steady-state spectrum indistinguishable from that induced by air. Oxidation with H 2 O 2 at high catalase (right-hand panel) completely abolishes formation of 'P', with only a residual amount of 'F' remaining, which subsequently decays.
is no evidence of large haem a 3 reduction or spin-state changes between slow and fast turnovers. It is clear that haem a 3 remains mostly oxidized with only small spin-state changes, if any, during turnover. By a process of elimination we suggest that the 655 nm band is therefore tracking the reduction of the otherwise optically silent Cu B species. Under anaerobic conditions the 655 nm band titrates at 400 mV [30,30a] in the unliganded enzyme, close to that of Cu B [46] . However, in the presence of formate it titrates at 210 mV, much closer to the low potential value seen in our steady-state conditions. We therefore tentatively assign the 655 nm band to a low potential Cu B as part of an electron donor quasi-equilibrium (c ↔ Cu A ↔ a ↔ Cu B ).
Can we now simplify the redox interactions into a coherent model of the oxidase steady state? First we exclude haem a 3 which remains nearly 100 % oxidized under our aerobic conditions. If the remaining three oxidase components are in near equilibrium [35] , red-shifted by 34 nm. Enzyme concentrations were 32 μM cytochrome c oxidase and 50 μM cytochrome c. Spectra were collected using an Ocean Optics S1024DWX diode array detector. Other conditions are as described in the Experimental section.
with cytochrome c and interact with each other we are faced with a system involving eight species and 12 redox equilibria as shown in Figure 8 . Figure 9 shows the data fitted to such a model. It may be noted that the original fitting allowed three separate parameters for each redox process, a total of nine parameters for the set. The fits employed in Figure 9 are linked, and only involve seven independent parameters (in this case redox potentials). Allowing multiple interactions at the same time permits data fitting with a smaller range of postulated potentials than were used for the single fits (the method used in Table 3 ). The values of the potentials are subject to considerable uncertainties (+ − 20 mV). However, the important point is that a relatively simple model of redox interactions is consistent with the data. Although the redox potentials and interactions observed in Figure 8 are broadly within the range of those obtained from static equilibrium measurements [37] [38] [39] 41] , there is a notable absence of the higher potentials (>300 mV) for Cu B and haem a seen when the purified enzyme is titrated during anaerobic equilibrium experiments. The structure of the binuclear centre during steady-state turnover is distinct from that seen in the enzyme when it is not consuming oxygen.
What then are the rate-controlling step(s) at saturating ferrocytochrome c and oxygen concentrations? Kinetic analysis of many of the partial reactions indicate that it is unlikely that there are simple electron-transfer limitations. Bound ferrocytochrome c can transfer an electron to Cu A [4] with a rate between 50 000 and 100 000 s −1 . Cu A and haem a/Cu B equilibrate [47] with a rate of 20 000 s −1 . The rate of electron exchange between haem a and Cu B is uncertain, but in bacterial aa 3 enzymes it may be approx. 1000 s −1 [27] . The rate of reduction of the a 3 haem is even more uncertain, but is probably of the same order of magnitude as that of Cu B . On the oxidative side of the reaction scheme, the transformations of the oxy complex (A) into compound P or F [25] are rapid (10 000-25 000 s −1 ). Reduction of species F to give the oxidized (O) state [26] is also relatively rapid (10 000 s −1 ). If the reaction with oxygen (R → A → P) and the reduction of P → F Table 2 .
and F → O are rapid, the slow steps must be on the reductive side of the cycle. Under our conditions (below the K m for cytochrome c) at least part of the turnover limitation will be from the rate of cytochrome c binding to the oxidase. Beyond this the present studies show that the internal oxidase turnover at full reduction of cytochrome c is not limited by electron abstraction from bound cytochrome c but by electron transfer to the binuclear centre, the reduction of either or both Cu B or haem a 3 . Although the electron interchange between haem a and haem a 3 in the mixed
Figure 8 Model for interactions between three species
Model illustrating the equilibria assuming that all three redox centres, haem a, Cu A and Cu B , interact. Redox potentials were calculated as described in the Experimental section with the resulting fit illustrated in Figure 9 . Fonts in bold indicate reduction of a redox centre. The potentials in black were the minimal number (seven) required to vary in the fit; the remaining potentials (in grey) were then calculated from the top panel. It is assumed that the experimental reduction of the 655 nm band indicates Cu B reduction.
valence enzyme is extremely rapid [48] , this cannot be the relevant reaction in the usual steady state. The maximal turnover in our system is of the order of 100-150 s −1 ; this requires three limiting processes with rates of the order of 400 s −1 or two processes with rates of the order of 250 s −1 . The reductions of O to E and of E to R may provide two such processes. Each of these steps is expected to involve a protonation, either addition of a proton to a deprotonated protein group or neutralization of a hydroxyl ion present in species 'O'. This must reduce the rates from the nano-or pico-second to the millisecond time region. Modelling the resulting steady state involves mostly O, a little E, and negligible amounts of R, P and F (results not shown). These reactions are much slower than the analogous partial reactions and must therefore involve secondary 'invisible' steps including protonation/deprotonation and possibly conformational changes.
To summarize, in the present study we have developed, for the first time, a model that is consistent with the known steady-state enzyme kinetics, partial reaction rates and redox interactions of this key multi-substrate membrane-bound enzyme. These studies have implications beyond an understanding of the basic enzyme mechanism. Cytochrome oxidase redox states are frequently used as markers of the cellular energy state in vitro and in vivo [10] . In particular the Cu A centre is used in NIRS (NIR spectroscopy) to study brain and muscle function in health and disease [15] . Tissue changes are frequently interpreted only in terms of a single substrate (oxygen). The present study suggests that, at a constant oxygen concentration, the Cu A redox state closely tracks that Experimental data for all three cytochrome c oxidase redox centres fitted to the model in Figure 9 , which has three interacting redox potentials for each redox centre (see Figure 8 and the Experimental section).
of cytochrome c and hence, given Smith-Conrad kinetics, the oxygen consumption rate.
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